Studies that investigate the advantage of spatial separation of speakers in a cocktail party generally focus on one of two processing strategies. The first assumes a top-down mechanism in which the listener focuses attention on the known location of a target speaker. Glimpses of target speech are collected and combined to form an auditory stream. The second strategy makes use of interaural differences in perceptual input and exploits these in order to suppress interfering sounds. Equalization-Cancellation (EC) models typically follow this approach. In order to investigate the contributions of both mechanisms, a headphone experiment was conducted that explores auditory streaming based on binaural cues. Sequences of logatomes spoken by one target and two interfering speakers were presented. In this experiment a new type of stimuli was introduced in which the possibility to use binaural masking release cues was eliminated for each time-frequency interval (glimpse) while the localization cues of the dominating source were preserved. Thus, listeners could attend to spatially separated glimpses, but no EC processing was possible. The effect of the availability of masking release cues on successful streaming will be analyzed and discussed.
INTRODUCTION
In complex listening situations that involve a target speech source and various interfering sources-the so-called cocktail party effect-spatial separation of the target and noise sources is known to aid in improving the intelligibility of the target speech. Two main approaches that aim to explain this phenomenon are found in literature. Interestingly, the validity of the two approaches has hardly been evaluated in a single study.
The Equalization-Cancellation (EC) model by Durlach (1963) and its more recent modifications (Wan et al., 2010; Beutelmann and Brand, 2006; Beutelmann et al., 2010) belong to the first group. The strategy can be described as a bottom-up approach that uses the binaural signal as an input and attempts to suppress the interfering noise. The model has been fairly successful in predicting the binaural release from masking observed in tone-in-noise detection experiments and has been extended to predict speech intelligibility in noise. However, the EC-model in its current form still encounters difficulties for speech and speech-like interferers (Wan et al., 2010; Beutelmann et al., 2010) .
The second approach is an attention-guided top-down mechanism. The attention of the listener acts as a spatial filter, enhancing the desired target signal and ignoring the interferers. Given that speech is a sparse signal, the spectro-temporal overlap between the target and interfering signals is reduced as compared to a noise interferer. A speech interferer could therefore only partly mask the speech target, and the listener has the opportunity to attend to spectro-temporal glimpses that are left unmasked by the interferer.
In this paper we will introduce a new type of stimulus manipulation that allows us to distinguish between the two mechanisms described above for a speech-in-speech task. We have set up a headphone experiment in order to simulate a cocktail party with three speakers and compared performance with head-related transfer function (HRTF)-filtered stimuli to that with the new manipulated stimuli in a phoneme recognition task.
EXPERIMENTAL METHODS

Signal Processing
We have designed a new type of stimulus that approximates the spatial impression of a multispeaker mixture, but lacks cues that lead to a binaural benefit after EC-processing. This is accomplished in essence by transforming the mixed signal to a perceptually motivated time-frequency representation. For each time-frequency tile the HRTF of the dominant sound source is applied to all sound sources present in that time-frequency tile (see Fig. 1 ). We call these stimuli Equal Local Azimuth (ELA) stimuli. The signal manipulation is similar to the technique described by Breebaart et al. (2005) that was used to achieve a lower bit-rate in spatial audio coding through separate coding of the mono signal and the spatial information.
In Fig. 2 , a schematic representation is given of the ELA stimulus manipulation. The stimuli were derived directly from the mixture of three HRTF-filtered speech signals with different spatial properties for each speaker. For each HRTF-filtered stereo speech signal a spectrogram was calculated for the mean of the two channels. The power spectral densities of frequencies that fell into the same equivalent rectangular bandwidth (ERB, Glasberg and Moore (1990) ) were summed together (Fig. 2 , second column). These three spectrograms were used to compare the energy of the speakers and to determine the source with the highest level for each spectro-temporal unit. This yielded one binary mask for each speaker indicating when this speaker dominated the mixture (Fig. 2 , third column). The binary masks were used to determine which HRTF should be applied to each spectro-temporal window, namely the one that belongs to the virtual location of the dominant speaker in that interval. As shown in Fig. 2 , FIGURE 1: Time-frequency representations of a two-speaker mixture with two fictitious spectro-temporal glimpses. The original stimulus (left) and a manipulated ELA stimulus (right) are shown. Different colored smileys represent different speakers; a large smiley indicates that the speaker is dominant within a spectro-temporal glimpse. φ1 and φ2 represent two different virtual positions. During stimulus manipulation the virtual positions of the non-dominant speakers were modified so as to take the spatial properties of the dominant speakers within the same spectro-temporal glimpse.
fourth column, the HRTF-masks were added to form one composite HRTF-spectrogram that was applied to the spectrogram of the mixture of the three original mono (that is, before being HRTF-filtered) speech signals in order to yield the final spectrogram. Through inverse Fourier transformation and overlap-add of the temporal windows, the stereo time signal was retrieved.
It is assumed that EC-processing is a channel-independent process (Culling and Summerfield, 1995; Akeroyd, 2004) , or in other words, it is assumed that EC processing is performed independently on each spectro-temporal unit of the mixed speaker signal. Since the spatial cues of only one HRTF are imposed on each spectro-temporal unit in the manipulated signals, EC-processing of the manipulated stimuli would not yield any binaural advantage. The impression of a mixture of spatially separated speakers, however, still persists. Effectively the masked speech components of the two non-dominating speakers were moved to the virtual azimuth position of the dominating speaker. Since this masked speech is rather low in level, the audible differences between the original and the manipulated stimuli should be small. If present, they should result from signal representations that emerge through binaural interaction. Informal listening showed that the original and manipulated stimuli were indeed very similar, a result which is consistent with the application of similar stimulus processing techniques in the context of low bit-rate audio coding (Breebaart et al., 2005) .
Subjects
18 Subjects with normal hearing participated in the experiment.
Stimuli
Speech signals from four male and four female speakers were used. The utterances consisted of vowel-consonant-vowel (VCV) logatomes from the Oldenburg Logatome Corpus (OLLO, Meyer et al. (2010) ) with seven different voiced middle phonemes. All fragments were rms-normalized and presented at a level of 60 dB SPL. 
Procedure
Sequences of six logatomes spoken by three simultaneous speakers were presented to the listener through headphones. A graphical representation of a typical experimental trial is shown in Fig. 3 . Prior to the sequence a cue was presented to indicate the target speaker. The two remaining speakers were of opposite gender and considered interferers. Out of the six logatomes spoken by the target speaker, only one of the last three differed whereas the rest were identical. Listeners were instructed to attend to the target speaker and report the deviating logatome by selecting it from a closed list. The temporal uncertainty in appearance of the target interval was introduced to have listeners focus their attention on the target voice. The interfering utterances were onset-synchronized to those of the target speaker and consisted of randomly selected logatomes sharing the same vowel.
Spatial impressions of the stimuli were rendered with the aid of HRTFs that were derived for the frontal horizontal plane (-90-+90 degrees azimuth). Speech from single speakers was either filtered with a single HRTF prior to adding it to the three-speaker mixture ("HRTF stimulus"') or it was processed according to the procedure described in section Signal Processing ("ELA stimulus"). Two spatial configurations were used in the experiment. Speakers could be presented all from the same virtual azimuth position ("collocated") where binaural hearing could not improve speech intelligibility or from different locations for each speaker ("separated") where a binaural advantage in speech intelligibility could occur. Speaker locations were randomly selected in both spatial conditions. The minimum angular separation between two neighboring speakers in the separated configurations was 10 degrees.
A total of 168 trials were presented for each configuration-stimulus combination. Note that the two collocated conditions were basically identical since only one HRTF was involved for all three speakers. Nonetheless, both conditions were included in the experiment to test the effects of the ELA signal processing.
The score was calculated as the percentage correct answers for each condition. Listeners received feedback on the correct answer after each trial and on their score after each block of 56 trials.
RESULTS
Scores for the four configuration-stimulus combinations are shown in Fig. 4 . The data clearly show higher scores for both separated configurations as compared to the collocated configurations. This indicates a spatial release from masking for both stimulus types.
A two-way repeated measures ANOVA with factors stimulus and configuration shows significant main effects for stimulus (p = 0.016) and configuration (p < 0.001), as well as a significant interaction (p = 0.004). A paired t-test shows no significant difference (p = 0.533) between the collocated conditions with the two different stimulus types. However, the difference between the two separated conditions is significant (p < 0.001).
DISCUSSION
No difference was detected between the scores for the two collocated conditions using different stimuli, which indicates that the ELA signal processing by itself should not affect the performance of the listeners.
The results for the separated ELA condition clearly show a higher score than for the corresponding collocated ELA condition. This shows that spatial release from masking is present despite the absence of EC processing benefits. Since the advantage of spatial separation cannot be attributed to different spatial cues belonging to the same spectro-temporal units of different speakers, it must be due to the spatial separation of different spectro-temporal units. This shows that listeners can direct their attention to spatially separated glimpses and that this alone can cause a substantial spatial release from masking in a mixture of spectro-temporally sparse signals like speech.
Although a clear release from masking was observed for the ELA stimuli, the performance for the separated ELA condition was not as high as for the separated HRTF condition. The spatial advantage for the HRTF stimuli relative to the collocated configuration amounted to 17 %-points, whereas the advantage for the ELA stimuli amounted to 13 %-points. This may be explained by small negative target-to-masker ratios in certain spectro-temporal intervals. Effectively the target speaker would become masked in any of the ELA and collocated conditions, whereas EC-processing in the separated HRTF condition could render the target speaker detectable, causing a higher performance in the logatome recognition task.
CONCLUSION
In this paper, we have presented a new type of cocktail party stimulus. Through signal processing we preserve the spatial impression of the speech mixture, while eliminating the possibility to use an equalization-cancellation mechanism to achieve binaural release from masking. Results of an experiment employing the new stimuli show that the spatial release from masking is almost as large as that achieved with regular HRTF-filtered speech stimuli. This indicates a large role for top-down processing as opposed to EC-processing in speech-in-speech tasks.
